Abstract Stage-specific embryonic antigen-1 (SSEA-1), also known as CD15, is a member of a cluster of differentiation antigens that have been identified in various normal tissues and in different types of cancers including papillary and medullary thyroid carcinoma. SSEA-1 may be expressed in normal stem cells and cancer stem-like cells. To evaluate the potential diagnostic and prognostic utility of SSEA-1 in thyroid tumors, we analyzed the expression of SSEA-1 in normal and neoplastic thyroid tissues by immunohistochemistry (IHC) using a tissue microarray with 158 different tissue cores. To evaluate the potential utility of SSEA-1 as a surface marker, we also assessed the expression of SSEA-1 in thyroid cell lines by flow cytometric analysis. SSEA-1 immunoreactivity was identified in malignant thyroid follicular epithelial cancers but not in the benign thyroid tissues. Anaplastic thyroid (ATC) (80 %) and conventional papillary thyroid carcinoma (PTC) (60.7 %) showed significantly higher percentage of cases that were SSEA-1 immunoreactive than follicular variant of papillary thyroid carcinoma (FVPTC) (20.6 %) and follicular carcinoma (FCA) (32.1 %). Flow cytometric analysis of cultured thyroid cell lines showed that a small subpopulation of ATC and PTC thyroid tumor cells had SSEA-1 immunoreactivity which may represent thyroid cancer stem-like cells. The ATC cells expressed more SSEA-1 immunoreactive cells than the PTC cell lines. Our findings suggest that expression of SSEA-1 immunoreactivity in thyroid neoplasms was associated with more aggressive thyroid carcinomas. SSEA-1 is a marker that detects malignant thyroid neoplasms in formalin-fixed paraffin-embedded thyroid tissue sections and may be a useful marker for thyroid cancer stem-like cells.
Introduction
Stage-specific embryonic antigen 1 (SSEA-1) or CD15 is a cluster of carbohydrate epitopes expressed on normal granulocytes Hodgkin's lymphoma cells and cells from a variety of solid cancers [1] [2] [3] [4] [5] . ISSEA-1 contains a sugar sequence similar to that of Lewis X blood group antigen and is associated with cancer invasion and metastasis [6] .
SSEA-1 is categorized as a type of oncofetal antigen in thyroid tissues [7, 8] . In a relatively large-scale study of SSEA-1 expression in thyroid tissues, Miettinen and Karkkainen found strong immunoreactivity for SSEA-1 in fetal thyroid tissue and in most papillary carcinomas (PTCs), in approximately two thirds of follicular carcinomas (FCAs), and in a few benign lesions, but no immunoreactivity for SSEA-1 was found in anaplastic thyroid carcinomas (ATCs) [7] . The immunolocalization of SSEA-1, which is commonly referred to as CD15 in the pathology literature, has been somewhat variable. Two studies showed similar immunoreactivity for SSEA-1 in papillary carcinomas and follicular adenoma, while one group found no SSEA-1 immunoreactivity in conventional and diffuse sclerosing variant of papillary carcinomas [9] [10] [11] . A recent study showed similar SSEA-1 immunoreactivity in conventional PTC as in previous studies, but none of the benign lesions showed SSEA-1 immunoreactivity [12] . This latter study also reported that there was also less SSEA-1 immunoreactivity observed in follicular variant of papillary thyroid carcinomas (FVPTCs) [12] . The presence of SSEA-1 reactivity has been suggested as an unfavorable prognostic sign in thyroid medullary and papillary carcinoma [13] [14] [15] [16] .
SSEA-1 has been identified as a biomarker for embryonic stem cells and for thyroid cancer stem cells (CSCs). [17] [18] [19] . In many studies, flow cytometric analysis is a common approach used to characterize stem cells and CSCs and to study the expression of SSEA-1 in various tumors [20, 21] .
We used several approaches to characterize the distribution of SSEA-1 in thyroid tissues including immunohistochemical staining of thyroid tissues to detect expression of SSEA-1 in formalin-fixed paraffin-embedded tissue sections in benign and malignant lesions. Flow cytometric analysis with wellcharacterized thyroid cell lines was also used to analyze the expression of SSEA-1 [20, 21] .
Materials and Methods
A tissue microarray (TMA) was constructed with sections of normal thyroid (NT, n = 10), Hashimoto thyroiditis (HT, n = 11), follicular adenoma (FA, n = 32), follicular carcinoma (FCA, n = 28), papillary thyroid carcinoma (PTC, n = 28), follicular variant of papillary thyroid carcinoma (FVPTC, n = 29), and anaplastic thyroid carcinoma (ATC, n = 10) and stained by immunohistochemistry (IHC) with an antibody to SSEA-1 at a 1:100 dilution (BD Biosciences, Clone MC480). Construction and immunostaining of the TMA was done as previously reported [22] . Positive control tissues consisted of cell lines shown to express SSEA-1 by flow cytometric analysis [22] . Negative control for immunostaining consisted of substituting normal rabbit serum for the primary antibody. After immunostaining, the individual sections were graded by intensity of staining from 0 (negative) to 3 (strongly positive). The percentage of tumor cells staining positive was also noted (rare <5 %, focal 5-25 %, and diffuse >25 %). Flow cytometric analyses with ATC and PTC cell lines were done to evaluate the percentage of SSEA-1 positive cells as previously reported [20, 21] .
Cell Culture
The cell lines TPC-1 BCPAP, THJ-16T, and THJ-21T were obtained and cultures as previously reported [20, 21] .
Flow Cytometric Analysis
Flow cytometric analysis using two papillary thyroid carcinomas (TPC1 and BAP) and two anaplastic thyroid carcinoma cell lines (THJ-16T and THJ-21T) was performed as previously reported [20, 21] .
Statistical Analysis
Statistical analyses were performed using the Chi-square test and Student t test. A p value of <0.05 was considered to be statistically significant.
Results
Immunohistochemical staining for SSEA-1 showed predominantly membranous staining and some cytoplasmic staining (Fig. 1) . The percentage positive staining of each TMA core was usually less than 5 % of the cells (focal staining) although a few cases showed more than 25 % of the cells staining positive for SSEA-1 (diffuse staining).
Immunohistochemical staining for SSEA-1 on the TMA is summarized in Table 1 . SSEA-1 was negative in all benign thyroid tissues, but there was varying degree of positivity in all the malignant thyroid neoplasms including conventional PTC, FVPTC, FCA, and ATC (Figs 1 -4) . Among cases that were positive for SSEA-1, the IHC staining was usually focal. Among different types of tumors, ATC showed the highest SSEA expression levels in most tumors (8/10), which was significantly more frequent than FCA (9/28) (p = 0.023) and FVPTC ( 6/29) (p = 0.001). PTC (60.7 %, 17/28) was more likely to express SSEA-1 than FVPTC (p = 0.01) as well as FCA (p = 0.028). There is no significant difference in the percentage of positive cases between PTCs and ATCs (Fig. 5) .
No statistically significant association was observed between SSEA-1 staining and age, gender, tumor size, vessel invasion, or nodal status in PTC, FVPTC, FC, and ATC. In univariate analyses, SSEA positivity in ATC was associated with worse survival (p = 0.036). Six of the six ATC cases showing SSEA expression died of cancer, while two of two ATC cases without SSEA staining were still alive on followup. Two patients with ATCs positive for SSEA-1 were lost to follow up.
Flow Cytometric Analysis in Cell Lines
Flow cytometric analysis of SSEA-1 expression in thyroid cell lines was conducted using two anaplastic thyroid carcinoma cell lines and two papillary thyroid carcinoma cell lines as previously reported (Fig. 6) [21] . There were higher levels of SSEA-1 expression in the THJ-16T and THJ-21T ATCs cell lines (5.4 and 2.8 %, respectively) compared to the PTC BCP and TPC1 cell lines (0.1 and 1 %, respectively), as previously reported [21] .
Discussion
Analysis of SSEA-1 expression in formalin-fixed paraffinembedded thyroid tissue sections showed variable expression of this marker. The most striking finding was the absence or very low levels of SSEA-1 expression in non-neoplastic and benign thyroid tissues and increasing levels of expression from low to high grade thyroid neoplasms. Several studies of SSEA-1 or CD15 expression in thyroid tissues have produced varying results. This may be related to different antibodies used by various investigators as well as variation in tissue fixation and processing in different laboratories. Both flow cytometric analysis of the thyroid cancer cell lines and immunostaining of malignant neoplasms on the TMA showed only a minority of cells with SSEA-1 expression. Thus, the SSEA-1 expression within the tumors may be underrepresented on the TMA due to the small sample size of the tissue cores. Because SSEA-1 is a marker of stem cells [23, 24] as well as CSC [17, 18] , one would expect to find a few normal stem cells in non-neoplastic thyroid tissues. Thus, the limited sizes of the TMA cores could partly explain the absence of positivity in non-neoplastic and benign thyroid tissues in this study.
The early report of Miettinen et al. in which SSEA-1 was detected in PTC but not in ATC cells was surprising, since SSEA-1 positivity was detected in both formalin-fixed paraffin-embedded tissues by immunohistochemistry as well as in ATCs cell lines by flow cytometry in our study. This discrepancy is potentially due to different antibodies and a different method of antigen retrieval for the paraffin sections in the present study.
In the ATC group, we found that six of eight ATC patients who showed significant SSEA-1 immunoreactivity died of their disease; while in the absence of significant staining, the two patients were alive at the conclusion of the study. The small number of ATCs in the study does not allow any definitive conclusions about the role of SSEA-1 in predicting tumor behavior, but these preliminary observations suggest that more aggressive tumors are more likely to express SSEA-1.
The expression of SSEA-1 in FVPTC was less than in PTC in our study. The expression in this subgroup of PTC has been variable in the literature [12] . However, the definition of FVPTC has been modified in recent studies, since some tumors with nuclear features of FVPTC may behave as benign follicular lesions that are now designated as noninvasive follicular neoplasms with papillary-like nuclear features or NIFTP [25] . Future studies with FVPTC will have to consider encapsulation of the tumors as well as tumor invasion before designating these neoplasms as benign or malignant neoplasms [25] . Since this was not done in the present study, it is not possible to classify the tumors designated as FVPTC more rigorously.
Cancer stem cells (CSCs) are malignant cells within a tumor that share some characteristics with normal stem cells, including self-renewal and expression of SOX2, OCT4, and other stem cell markers [20, 21] . CSCs are thought to be responsible for drug resistance and metastasis [19] . SSEA-1 has been linked to CSCs in glioblastoma multiforme, medulloblastomas, and thyroid carcinomas [24] [25] [26] [27] [28] [29] . We also observed a small percentage of ATC and PTC epithelial cells from cultured cell lines expressing SSEA-1. Our detailed studies of these cells suggested that they are CSCs [22] . These findings suggest that SSEA-1 may be a marker for thyroid tumor-initiating cells or CSCs. ATC cell lines contained more than twice the number of SSEA-1 positive cells than PTC cell lines, which is consistent with the histological finding of higher SSEA-1 immunoreactivity in ATC compared to PTCs. Studies of Ma and co-workers [17, 18] found that SSEA-1 positive cells showed enhanced vimentin expression and reduced Ecadherin expression suggesting that they were most likely derived from the epithelial-to-mesenchymal transition (EMT) program a finding commonly observed during tumor progression [21] . Ma et al. also noted that the SSEA-1 positive cells were capable of asymmetric and symmetric division in vitro, features common to tumor-initiating cells or CSCs [17, 22] .
In summary, SSEA-1 positive cells can be detected in a small percentage of malignant tumor cells in formalin fixed-paraffin embedded thyroid tissue sections, and these cells are more commonly found in highly aggressive thyroid cancers such as ATCs. Flow cytometric analyses using thyroid cell lines indicate that SSEA-1 labels a small percentage of thyroid tumor cells which are more frequent in ATCs compared to PTCs and may represent thyroid cancer stem-like cells. Translational Research in Pathology (TRIP), Flow Cytometry, 3P, and Experimental Pathology laboratories (University of Wisconsin Carbone Cancer Center Cancer Center Support Grant P30 CA014520) for their services.
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